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  Molecular genetics has been successful in identifying leaf-
size regulators such as transcription factors, phytohormones, 
and signal molecules. Among them, a   ROTUNDIFOLIA4-
LIKE / DEVIL   ( RTFL / DVL  ) family of Arabidopsis, genes encoding 
peptides with no secretion-signal sequence, is unique in that 
their overexpressors have a reduced number of leaf cells 
speciﬁ  cally along the proximodistal axis. However, because 
the   RTFL/DVL   lack any obvious homology with functionally 
identiﬁ   ed domains, and because of genetic redundancy 
among   RTFL / DVL  , their molecular and developmental roles 
are unclear. In this study we focused on one member in 
the family, ROTUNDIFOLIA4 (ROT4), and identiﬁ  ed  the 
core functional region within it and we found no proteolytic 
processing in planta. Developmental analysis of leaf 
primordia revealed that ROT4 overexpression reduces the 
meristematic zone size within the leaf blade. Moreover, 
induced local overexpression demonstrated that ROT4 acts 
as a regulator of the leaf shape via a change in positional cue 
along the longitudinal axis. Similarly, ROT4 overexpression 
results in a protrusion of the main inﬂ  orescence stem, again 
indicating a change in positional cue along the longitudinal 
axis. These results suggest that ROT4 affects the positional 
cue and cell proliferation along the body axis.   
  Keywords  :     Arabidopsis thaliana      •     Cell  proliferation     •  
  Organ  size  and  shape     •     Polarity     •     ROTUNDIFOLIA4     •     Stem 
protrusion  .  
   Abbreviations  :     AF  ,     arrest  front   ;      AZ  ,     abscission  zone   ;      CaMV35S  , 
    Cauliﬂ   ower mosaic virus   35S  promoter   ;      DAI  ,     days  after 
imbibition   ;      GFP  ,     green  ﬂ   uorescent  protein   ;      o/x  ,     overexpressor.         
 Introduction 
  In contrast to animals that can deal with harsh conditions by 
moving, plants are sessile, and thus the physical characteristics 
of a plant body are especially important for its survival. The size 
of lateral organs such as leaves and petals is of particular 
interest because it partially determines the efﬁ  ciency of energy 
capture or pollinator attraction. In leaf primordia, the cell pop-
ulation having a high proliferation activity (the meristematic 
zone) resides in the proximal part of the leaf blade (  Donnelly 
et al. 1999  ), and the transition from the meristematic phase 
to the differentiating phase is postulated to be under the 
control of a hypothetical, proximally progressing “arrest front” 
(  Nath et al. 2003  ,   White 2006  ). We recently found that the 
progression of the arrest front is not gradual: for a certain 
period during the development of a leaf primordium, the 
distance of the arrest front from the base of the leaf blade is 
constant and then suddenly decreases at the last moment 
(  Kazama et al. 2010  ). 
  A powerful strategy for identifying novel factors that regu-
late lateral organ size is the isolation and characterization of 
mutants of   Arabidopsis thaliana   (hereafter, Arabidopsis) that 
exhibit polarity-dependent phenotypes, that is, mutants that 
exhibit phenotype (such as size reduction) along a speciﬁ  c 
body axis (  Tsukaya 2005  ,   2006  ,   2008  ,   Horiguchi et al. 2006  ). 
This is because polarity-dependent phenotypes likely result 
from the perturbation of developmental systems that speciﬁ  -
cally control organ size, whereas polarity-independent pheno-
types are more likely perturbed in more general biological 
aspects, such as basic metabolism (  Fujikura et al. 2009  ) or cell 
division (  Wang et al. 1998  ,   Verkest et al. 2005  ). 
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r  Several mutants with short leaves have supplied good clues 
for understanding the roles of a particular phytohormone 
or organogenetic signaling pathway on leaf size regulation. 
For example,   Ikezaki et al. (2010)   revealed that gibberellic acid 
deﬁ  ciency is responsible for the short-leafed phenotype through 
the analysis of  asymmetric leaves1  ( as1 ) and  asymmetric leaves2  
(  as2  ), and   Kim et al. (1998  ,   2005)   identiﬁ  ed that mutation of 
brassinosteroid biosynthetic enzyme CYP90C1 is responsible 
for   rotundifolia3  . The gene responsible for   rotunda1   encodes 
an enzyme hydrolyzing inositol triphosphate (IP  3 )  ( Robles 
et al. 2010  ), which in turn is possibly involved in important 
morphogenetic events through the regulation of PIN-FORMED1 
(PIN1) intercellular localization (  Carland and Nelson 2009  , 
  Naramoto et al. 2009  ). 
  rotundifolia4-1D   ( rot4-1D  ) was isolated through activation 
tagging screening of phenotypes with short leaves and a reduced 
number of cells in the proximodistal axis (  Narita et al. 2004  ). 
The   ROT4 / DVL16   putatively encodes a small protein of 6.2 kDa 
without a signal sequence for secretion (  Narita et al. 2004  ). 
A database search identiﬁ  ed 22 other putative homologs of 
  ROT4   encoded in the Arabidopsis genome, and they are called 
the RTFL/DVL family (  Narita et al. 2004  ,   Wen et al. 2004  ). 
Overexpression experiments suggested that at least six mem-
bers of the RTFL/DVL share the same function ( Wen et al. 2004 ). 
Neither genome-wide gene annotation nor large-scale loss-of-
function mutant screening had ever discovered this gene family, 
the former due to the small size of the open reading frame 
(ORF), and the latter possibly because of functional redundancy 
among family members. The RTFL/DVL genes are widely con-
served among land plants ( Floyd and Bowman 2007 ), indicating 
their essential role(s) in plant life. Since the RTFL/DVL share no 
sequence similarity with well-characterized motifs or domains, 
virtually no clues about their function have been obtained from 
their sequence data. 
    Wen and Walker (2006)   thought the functional region of 
RTFL/DVL might be processed to a shorter biologically active 
form, based on the following three premises. First, they experi-
mentally demonstrated that one or two conserved basic amino 
acid(s) (K or R) at the N-terminus of the functional region was 
necessary for function (  Wen et al. 2004  ). They speculated that 
these conserved residues might function as a possible recogni-
tion site of some endopeptidase(s), since the residues are near 
the border of a domain that is conserved throughout the RTFL/
DVL family. Second, the N-terminal region of RTFL/DVL family 
members is highly divergent in length and sequence, suggesting 
that this region might be cleaved from the conserved domain. 
Third, they reported that the DVL1/RTFL18 with green ﬂ  uores-
cent protein (GFP) fused to the N-terminus (GFP-DVL1) was 
fully functional, whereas DVL with GFP fused to the C-terminus 
(DVL1-GFP) was nonfunctional. The DVL1 is 6.2  kDa and 
GFP is 27  kDa, thus they speculated that GFP fusion possibly 
interfered with the function of the DVL1. If GFP is fused at the 
N-terminus, and if the N-terminus-GFP adduct is cleaved from 
the functional domain, then the processed DVL1 would be 
functional. Although these indirect facts were consistent with 
their hypothesis, direct evidence was lacking. In contrast, 
  Narita et al. (2004)   reported that ROT4-GFP was functional. 
The inconsistency of this result in the case of DVL1-GFP 
suggests that a reexamination is warranted. 
  The RTFL/DVL-dependent phenotypes are also enigmatic. 
Although RTFL/DVL overexpressor (o/x) was ﬁ  rst characterized 
by its short leaves with a decreased number of cells along the 
proximodistal axis ( Narita et al. 2004 ,  Wen et al. 2004 ), pleiotropic 
phenotypes, such as a bent pedicel or a protrusion of the 
trichome base, have also been reported ( Wen and Walker 2006 ). 
Recently a legume homolog of the RTFL/DVLs was implicated 
in nodulation.   MtDVL1   of   Medicago truncatula   was expressed 
in an early stage of nodule formation, and its overexpression 
aborted nodule development (  Combier et al. 2008  ). 
  To better understand these issues, we focused on ROT4/
DVL16, a member of the  RTFL/DVL  gene family. We determined 
the core functional domain in the ROT4 protein, examined 
the possibility of posttranslational processing, and character-
ized the pleiotropic phenotypes caused by overexpression of 
ROT4. These data are essential for understanding the native 
role of ROT4.     
 Results  
 Identiﬁ  cation of the core functional region 
within the ROT4 peptide 
    Narita et al. (2004)   roughly showed that N- or C-terminal 
domains are not required for the ROT4 function, but the pre-
cise functional region was not determined. Thus we generated 
transgenic plants overexpressing various truncated portions of 
ROT4 using the 35S promoter of the cauliﬂ  ower mosaic virus 
(CaMV35S) and determined the precise domain. Fruits of full-
length ROT4 o/x are shorter and wider than those of the wild 
type, in agreement with the rosette compactness originally 
described as the morphological phenotype of ROT4 o/x ( Narita 
et al. 2004  ). Because fruit size and morphology are simple to 
evaluate and are relatively insensitive to plant age and growth 
conditions, they are used here for the quantitative analysis. 
Then we performed cluster analysis on the fruits data to judge 
if each transgenic line exhibits phenotype (  Supplementary 
Fig. S1  ; see Materials and Methods for details). The effect of 
the introduced transgene was evaluated with the ratio of 
transgenic lines with phenotypes per total number of trans-
genic lines obtained. 
  Experiments were performed in two steps. First, either the 
N- or C-terminus was truncated by an interval of three residues 
(  Fig. 1A       ). The constructs with N-terminal truncation are 
called the dN series, and those with C-terminal truncation are 
called the dC series. dN1 lacks two residues at the N-terminus 
and dC1 lacks seven residues at the C-terminus, and as the 
designation number increases, the construct becomes shorter 
by three residues. Thus dN2 lacks 5 residues at the N-terminus, 
dN3 lacks 8 residues, and so forth, while dC2 lacks 10 residues 
at the C-terminus, dC3 lacks 13 residues, and so on. As a result, 
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dN1–dN4 were comparable to that of full length o/x, while 
those of dC2, dC3, and dN5-9 were comparable to that of 
wild type ( Fig. 1B, C ). These results suggest that the region from 
K13 to Q46 is important for ROT4 function. The boundaries of 
the functional region apparently reside in the 30–34 residues 
beginning at K13–F15 on the N-terminal side and extending to 
H44–Q46 on the C-terminal side (  Fig. 1A ). 
  Second, to identify the functional region more precisely, 
various constructs of this region were truncated at both the 
N- and C-termini by an interval of one amino acid (  Fig. 1D ). 
After overexpression of these constructs, some transgenic lines 
of dN4-dC1, dN4-dC4, and dN10-dC4 exhibited phenotype, 
while none exhibited phenotype in dN4-dC5, dN11-dC4, and 
dN5-dC4. The ratio of transgenic lines that exhibit phenotype 
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 Fig.  1       Estimation of the ROT4 functional region. (A) Schematic of the ﬁ  rst series constructs. Every construct has a truncation at the N- or 
C-terminus, which is shown on the amino acid sequence of full-length ROT4. Black background shows highly conserved residues in the RTFL/DVL 
family, while grey background shows less-conserved residues. Blue box shows the estimated necessary region. (B) Quantitative results of fruit 
shape from transgenic lines shown in (C). The number of the tested transformants are as follows: full length (23), dN1 (21), dN2 (27), dN3 (25), 
dN4 (26), dN5 (37), dN6 (29), dN7 (16), dN8 (16), dN9 (15), Col (14), dC3 (14), dC2 (16), dC1 (16). (D) Schematic of the second series constructs. 
Every construct has truncation at both the N- and C-termini. Red box shows the estimated necessary and sufﬁ  cient region. (E) Quantitative 
results of fruit shape from transgenic lines shown in (F). The number of the tested transformants are as follows: dN10-dC4 (41), dN11-dC4 (51), 
dN5-dC4 (38), dN4-dC5 (37), dN4-dC4 (62), dN4-dC1 (62). Bar   =  1 cm.  
was much lower in dN4-dC1, dN4-dC4, and dN10-dC4 than in 
full-length o/x (  Fig. 1E, F  ). These results suggest that the 32 
residues-long region from T14 and D45 is the core region for 
the molecular function of ROT4 (  Fig. 1D  ), while other regions 
are also required for the full function.     
  ROT4 is not subject to proteolytic processing 
  To test the possibility of proteolytic processing of ROT4, we 
generated GFP-ROT4 o/x and ROT4-GFP o/x and compared 
the morphological phenotypes with the degree of GFP expres-
sion in the transgenic lines. In both GFP-ROT4 o/x and ROT4-
GFP o/x, the reduction in leaf length was roughly correlated 
with the ﬂ  uorescence intensity (arising from the presence of 
GFP), indicating that the reduction in leaf length was correlated 
with the degree of gene expression. When transgenics of similar 
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sistently had shorter leaves than the ROT4-GFP o/x ( Fig. 2A–H       ), 
but all of the transgenics had shorter leaves than the wild type. 
Average petiole length in the GFP-ROT4 o/x was 79  %   that of 
the wild type, and the average blade length was 60  %   ( P   <  0.001 
for both blade and petiole, Tukey's pairwise comparisons). 
In the ROT4-GFP o/x, average petiole length was 85  %   that of 
the wild type, and the average blade length was 81  %   ( P   <  0.001 
for both blade and petiole). This result suggests that ROT4-GFP 
has a signiﬁ   cant effect, although the effect is signiﬁ   cantly 
smaller than GFP-ROT4 (relative value of ROT4-GFP to GFP-
ROT4 was 107  %   for blade:   P   =   0.26; relative value of ROT4-GFP 
to GFP-ROT4 was 135  %   for petiole:   P   <    0.01). We also found 
that GFP-ROT4 localized primarily on cell periphery, and also 
on limited numbers of small dots in cytoplasm (  Fig. 2I–K ). 
The localization pattern was quite similar to ROT4-GFP (  Narita 
et al. 2004  ; also conﬁ   rmed in   Fig. 2J  ).   Narita et al. (2004)   
concluded that the signal is on plasma membrane based on 
Col
GFP
R::G1# 1
R::G2#1
R::G2#2
G::R#1
G::R#2
G::R#3
G::R#4
kDa
63
48
35
28
 Fig.  2       Detection of GFP-tagged ROT4. The 8-DAI seedlings of the wild type (A and B),   p35S:ROT4   (C and D),   p35S:ROT4-GFP   (E and F), and 
  p35S:GFP-ROT4  (G and H). Bright ﬁ  eld image (A, C, E, and G), ﬂ  uorescent image (B, D, F, and H; magenta shows autoﬂ  uorescence and green shows 
the GFP signal). Subcellular localization of free GFP (I), ROT4-GFP (J), and GFP-ROT4 (K). Immunodetection of transgenic protein expressed in 
Arabidopsis (L). The genotypes of the plants are as follows: wild type (Col),   p35S:GFP   (GFP),   p35S:ROT4-GFP1#1   (R::G1#1),   p35S:ROT4-GFP2#1  
(R::G2#1),   p35S:ROT4-GFP2#1   (R::G2#2) and   p35S:GFP-ROT4  #1-4 (G::R#1-4). Bars   =  5 mm (A), 10 μm (I).  
plasmolysis, suggesting that GFP-ROT4 also localizes on plasma 
membrane. 
  Next, we performed immunoblotting analysis on the plant 
lysate using an anti-GFP antibody. Only the fusion protein was 
detected; no free GFP was observed, as would have been the 
case had processing occurred at either the N- or C-terminal 
domain of the ROT4 peptide (  Fig. 2L  ). The mobility of GFP-
ROT4 was slightly but reproducibly smaller than that of ROT4-
GFP, even though the two protein sizes are calculated to be 
approximately the same (33.6–33.7 kDa). Although size is not as 
accurate, the estimated protein sizes from their mobility in the 
gel for ROT4-GFP and GFP-ROT4 were both slightly larger than 
expected.   
  The rate of cell proliferation is reduced along the 
proximodistal axis in ROT4 o/x leaves 
  To characterize the developmental basis of polarity-dependent 
phenotypes of leaf, we ﬁ  rst carried out a time-course analysis of 
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the reduction in cell number in a mutant leaf originates from 
a reduction in the rate of cell production or from a shortening 
of the cell proliferative growth. As reviewed in   Anastasiou and 
Lenhard (2007)  , most mutants with a reduced cell number in 
leaves, such as   aintegumenta ,   argos ,   nubbin  , and   jagged  , are of 
the latter type. Some, such as   fugu2 ,   fugu5 ,   erecta   (  Ferjani et al. 
2007 ), and  spatula  ( Ichihashi et al. 2010 ), are of the former type. 
The time course of leaf development in   rot4-1D   indicated 
a lower rate of cell production compared to the wild type, 
without any reduction in the period of cell proliferative growth 
(  Fig. 3A       ). This suggests that ROT4 acts as a negative regulator 
of cell proliferation rather than as a regulator of the transition 
from cell proliferative growth to cell expansion. 
  The visualization of proliferating cells by   pCYCB1;1:CYCB1;1-
GUS   and an estimation of the position of the arrest front by 
numerical analysis (  Kazama et al. 2010  ;   Fig. 3B  ) revealed that 
it was signiﬁ  cantly closer to the proximal end of the leaf blade 
in   rot4-1D   (0.18  ±  0.04 mm,   P   <    0.01, Student's   t  -test) than in 
the wild type (0.23   ±   0.02 mm). This result indicates a reduction 
in the size of the meristematic zone along the proximodistal 
axis in   rot4-1D   leaf primordia. This observation suggests that 
the polarity-dependent leaf shape in ROT4 o/x is attributable 
to the polarity-dependent reduction in the size of the mer-
istematic zone in leaf primordia.     
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 Fig.  3       Cell proliferation during leaf development. (A) Time-course analysis of the ﬁ  rst leaf development. Cell number of the palisade layer along 
the proximodistal axis is shown. Inset shows the wild-type (Col) ﬁ  rst leaf primordia from 5-, 6-, and 7-DAI plants (from left to right). (B) Schematic 
of the estimation process of the cell cycle arrest front.   pCYCB1;1:CYCB1;1-GUS   staining image (top) is converted to a binary image (middle), then 
into numerical data (bottom). Arrest front (indicated by an asterisk) was deﬁ  ned as the point at which the ratio of white pixels is half that of the 
maximum. Bar   =  0.1 mm (A, inset).  
  ROT4 acts locally in the regulation of leaf shape 
  To obtain further insights on the effect of ROT4 on leaf mor-
phogenesis, we adopted a local expression system using the 
heat shock promoter Cre/Lox recombination (  Ichihashi et al. 
submitted  ) to GFP-ROT4. In this system, Cre recombinase is 
expressed when the transgenic plant experiences heat shock, 
leading to site-speciﬁ  c recombination at Lox sites. When recom-
bination occurs, GFP-ROT4 is expressed under the control of 
the CaMV35S promoter. Recombination stochastically occurs 
at the single-cell level, thus an appropriate heat treatment can 
generate a progenitor-cell population that overexpresses 
GFP-ROT4 (  Fig. 4A       ). Since the rate of cell proliferation is only 
slightly reduced in the ROT4 overexpressor, the effect of GFP-
ROT4 expression is detectable only when the cell population is 
large enough. Therefore chimeric leaves with large sectors 
were selected for the following analyses. While overexpression 
of 3xGFP did not affect leaf shape (  Fig. 4B, C  ), when the GFP-
ROT4-expressing sector appeared at the medial part of the leaf 
along the midrib, the leaf blades were shorter (4.99   ±  1.49 mm, 
  P   <    0.01, Student's   t  -test) than those of the wild type 
(7.33  ±  0.83 mm) ( Fig. 4D, E  ). Two alternative hypotheses can 
be advanced to explain this observation: locally expressed 
GFP-ROT4 can affect the whole leaf by some long-distance sig-
naling, or the medial portion of the leaf locally affected by GFP-
ROT4 determines the entire leaf length. On the other hand, 
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margin, the petiole on the sector side was signiﬁ  cantly shorter 
(4.44  ±  1.62 mm,  P   <   0.01) than the wild type (7.94   ±  0.87 mm), 
while the petiole on the opposite side showed no signiﬁ  cant 
alteration (7.15    ±  1.53 mm,   P   =  0.08)  ( Fig. 4F, G  ). This result 
strongly suggests that GFP-ROT4 acts locally in the regulation 
of leaf shape.     
  ROT4 o/x phenotypes exhibiting an altered 
trichome base or inﬂ  orescence share 
a common protrusion event 
  Besides the short-leaf phenotype, a protrusion of the trichome 
base, a turn or bending in the pedicel or secondary inﬂ  ores-
cence stems have been reported in DVL9 o/x (  Wen and Walker 
2006  ); however, they have not been characterized in detail. 
We also found these phenotypes in some of the transgenic lines 
of ROT4 o/x (  Fig. 5       ). The phenotype in the inﬂ  orescence struc-
ture is prominent and unique, and have never been reported 
for other Arabidopsis mutants or transgenics as far as we know. 
We analyzed it in a overexpressor constructed with a truncated 
version of ROT4 (  p35S:ROT4dN4C2#1  : hereafter,   ROT4dN4C2#1 ) 
that exhibited the most conspicuous and stable expression of 
the phenotype. We also found these phenotypes in some of the 
full-length overexpressors of ROT4 (data not shown). 
  To elucidate the developmental basis of the abnormal turn 
in pedicels, a time-course observation of pedicel growth was 
carried out. At an early stage of development, when the ﬂ  oral 
 Fig.  5       Pleiotropic phenotype of the   ROT4   overexpressor. Pedicel of the 
wild type is smoothly upward (A), while that of   ROT4dN4C2#1   has an 
apparent turn (B). Base of the trichome on the stem does not have 
a prominent structure in the wild type (C), while that of   ROT4dN1#2  
has a protrusion (D). The transgenic lines   ROT4dN4C2#1   and 
  ROT4dN1#2   were chosen for this analysis because they exhibited the 
strongest and most stable phenotype in inﬂ  orescence and the pedicel 
base, respectively. Bars   =   1 cm (A), 1 mm (C), and 0.1 mm (inset).   
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 Fig.  4       Chimeric overexpression of GFP-ROT4. (A) Schematic of the experimental design. Cre recombinase, induced by heat shock, stochastically 
recombines at Lox sites. GFP-ROT4 expresses in the progenitor cell population from a cell in which recombination occurred. (B–G) Leaf with 
a sector. A leaf with the   p35S:3xGFP   sector (B and C); a leaf with the   p35S:GFP-ROT4   sector in the medial part (D and E) and in the marginal part 
(F and G). All images were taken from the leaf adaxial side. Only leaves with sectors that had the same pattern on both the adaxial and abaxial 
sides were used for analyses. Bright ﬁ  eld images (B, D and F); ﬂ  uorescent images (C, E, and G). Bars   =  5 mm.  
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up in both the wild type and   ROT4dN4C2#1   ( Fig. 6A, E       ). Later, 
when the ﬂ  oral bud was approximately 1  mm in length, the 
turning point appeared at the base of pedicels of   ROT4dN4C2#1 , 
but not in wild-type pedicels (  Fig. 6B, F  ). The direction of 
growth of the part of the pedicel proximal to the turning 
point changed to downward at around the stage of anthesis 
(  Fig. 6C, G ). 
  Next, to elucidate the organ identity of the part proximal 
to the turning point in pedicels and secondary inﬂ  orescence 
stems, longitudinal sections of mature inﬂ  orescence  stems 
were examined. In the wild type, anatomically distinct cell ﬁ  les 
called vestigial abscission zones (AZs), characterized by cyto-
plasmically dense small cells, are observed at the adaxial side of 
the basal-most part of pedicels and secondary inﬂ  orescences 
( Stenvik et al. 2006 ;  Fig. 6J, O ). The vestigial AZs mark the organ 
boundaries between pedicels or secondary inﬂ  orescence stems 
and the main inﬂ  orescence stem. In   ROT4dN4C2#1 ,  vestigial 
AZs were observed at the turning point of pedicels (  Fig. 6M ), 
but not at the base (  Fig. 6L  ). Similarly, vestigial AZs were seen 
in the secondary inﬂ  orescences at the turning point (  Fig. 6R ), 
but not at the base (  Fig. 6Q  ). These observations suggest that 
 Fig.  6       Developmental and anatomical analysis of pedicel phenotype. Time-course analysis of pedicel development of the wild type (A–D) and 
  ROT4dN4C2#1   (E–H). Day 1 (A and E), day 3 (B and F), day 6 (C and G), and day 11 (D and H). The pedicels under examination are marked by 
black pen and apparent turns in pedicels are indicated by arrows. Pedicel anatomy of the wild type: gross morphology (I), longitudinal section of 
the pedicel base (J). Pedicel anatomy of   ROT4dN4C2#1  : gross morphology (K), longitudinal section of the base (L), and the turning point (M). 
Secondary inﬂ  orescence anatomy of the wild type: gross morphology (N), longitudinal section of the inﬂ  orescence base (O). Secondary 
inﬂ  orescence anatomy of   ROT4dN4C2#1  : gross morphology (P), longitudinal section of the base (Q), and the turning point (R). Vestigial AZs are 
marked by asterisks. Bars   =   1 cm (N and P), 1 mm (A–D, I, and K), 0.1 mm (J, L, M, O, Q, and R).   
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main stem rather than a part of the pedicel or secondary 
inﬂ  orescence. 
  To further conﬁ  rm these interpretation, we used   puchi-1   as 
a morphogenetic marker and   pLOB:GUS   as a gene expression 
marker for the organ boundary.   puchi-1   is reported to develop 
ectopic “stipules” (a type of glandular hair) at the base of 
pedicels ( Hirota et al. 2007 ,  Karim et al. 2009 ;  Fig. 7A       ). Similarly, 
  LOB   expresses speciﬁ  cally between pedicels or secondary inﬂ  o-
rescences and the main stem (  Shuai et al. 2002  ;   Fig. 7C, D ). 
In   puchi1 ROT4dN4C2#1  , stipules were observed only at the 
turning points (  Fig. 7B  ). Similarly, in   pLOB:GUS ROT4dN4C2#1 , 
GUS staining was detected only at the turning points (  Fig. 7E, F ). 
These data support the interpretation that the ROT4 o/x 
phenotype exhibiting an altered inﬂ  orescence is caused by an 
abnormal protrusion of the main stem, which appears to be 
analogous to the protrusion of the trichome base.       
 Discussion  
  Molecular nature of ROT4 
  Previously   Wen and Walker (2006)   proposed a hypothesis 
that the functional region of RTFL/DVL might be processed to 
a shorter biologically active form. However, our data suggest 
that no processing of ROT4 occurred in planta. Moreover, from 
analysis of phenotypes of the GFP-ROT4 local overexpressor, 
we concluded that GFP-ROT4 locally regulates leaf shape, 
suggesting that GFP-ROT4 is not processed into a small, long-
distance signal molecule. These data are inconsistent with the 
processing hypothesis. To explain the milder interference of 
the ROT4 function by the GFP tag when the tag was at the 
N-terminus compared to the C-terminus, we suggest the fol-
lowing possible interpretations. Application of a computational 
prediction (  Akiyama et al. 1998  ) to the ROT4 sequence pre-
dicted that the N-terminal sequence outside of the functional 
region may form a coil structure, thus serving as a ﬂ  exible struc-
tural buffer that minimizes the interference effect of GFP on the 
fused ROT4 function. An alternative, but not mutually exclu-
sive possibility is that the functional region needs to reside 
near the C-terminus of the protein. In fact, among the RTFL/
DVL family, the number of residues outside the conserved 
functional region on the C-terminal side is less than 11, while on 
the N-terminal side, the length of the non-conserved region 
varies from 18 to 60 residues. Consistent with this idea, we 
observed that a small tag, such as FLAG (eight amino acids), 
at the C-terminus of ROT4 did not interfere with the molecular 
function (data not shown). 
  Since ROT4 was primarily localized on the plasma mem-
brane, and since no transmembrane domain exists in ROT4, 
the protein presumably interacts with some membrane 
component(s). The importance of the intracellular localization 
of RTFL/DVL was experimentally tested in a previous study 
(  Wen and Walker 2006  ), in which two types of DVL1 o/x 
were generated, with altered intracellular distribution. One, 
sGFP-DVL1, had a secretion-signal sequence attached at the 
N-terminus. The other, eGFP-DVL1, had both a secretion-
signal sequence at the N-terminus and an endoplasmic reticu-
lum (ER)-retention-signal sequence at the C-terminus for 
localization in the ER. Overexpressors of these modiﬁ   ed 
genes exhibited no phenotype, while overexpressors of the 
authentic GFP-DVL1 genes showed phenotypes similar to 
 Fig.  7       Organ characterization of the pedicel using marker lines. Inﬂ  orescence of   puchi-1   (A) and   puchi-1 ROT4dN4C2#1   (B). Inﬂ  orescence of 
  pLOB:GUS   (C, magniﬁ  ed image in D) and   pLOB:GUS ROT4dN4C2#1   (E, magniﬁ  ed image in F). Bars   =   1 mm (A, B, C, and E), 0.1 mm (D, F, and inset 
in A and B).   
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membrane appears to be essential for the molecular function 
of RTFL/DVL. Because the core functional region of ROT4 is 
only 32 amino acids in length, it is unlikely to have any signal-
receptor domain or output domain. Therefore ROT4 may exert 
its biological effect via an interaction with some component of 
a signal transduction pathway on the plasma membrane.     
  Developmental role of ROT4 
  As reported by   Narita et al. (2004)  , rosette leaves of   rot4-1D  
have a reduced number of cells, speciﬁ  cally along the proxim-
odistal axis. From this observation, ROT4 was implicated in 
the control of polarity-dependent cell proliferation. The time 
course of leaf development in ROT4 o/x in this study revealed 
that the period of cell proliferation is not altered in the leaf 
primordia, but the size of the meristematic zone is reduced 
along the proximodistal axis. Interestingly, the results of local 
overexpression experiments raised the possibility that some 
positional cue during leaf morphogenesis along the proxim-
odistal axis was perturbed in ROT4 o/x, because in a chimeric 
leaf, the leaf blade–petiole boundary on the side of the leaf that 
had ROT4 being expressed in the leaf margin shifted proximally. 
This phenotype is distinct from that of chimeras for other 
growth-regulating factors. For example, in the case of the   
hobbit   mutant, which exhibits smaller leaves,   hobbit   sectors 
located at the leaf margin grow in cooperation with the 
remaining wild-type parts of the leaf, without a change in the 
leaf blade–petiole boundary (  Serralbo et al. 2006  ). Thus these 
results suggest that ROT4 could be involved in the determina-
tion of organ boundary and positional cues of leaf primordia 
along the proximodistal axis. 
 If we simplify the effect of ROT4 expression in leaf primordia 
as the perturbation of boundary or positional cues along the 
proximodistal axis, then the same interpretation is possible for 
the other pleiotropic phenotypes of the overexpressor, namely, 
protrusions in inﬂ  orescences and the trichome base. In both 
phenotypes, overexpressors exhibited an abnormal shift of the 
boundary (inﬂ  orescence stem/pedicel; primary inﬂ  orescence 
stem/secondary inﬂ   orescence stem; and trichome/socket). 
Although all examined overexpressors were expected to express 
ROT4 ubiquitously and uniformly, perturbation of some posi-
tional cues may have occurred, if ROT4 was involved in the 
determination of the cues by some gradient. The possibility also 
exists that ROT4 is involved in the determination of positional 
cues during shoot development. Further studies of the role 
of ROT4 may lead to a deeper understanding regarding the 
molecular regulation of polar growth in plants.       
  Materials and Methods   
  Plant materials and growth conditions 
  The Arabidopsis accession Columbia (Col) was used as the wild 
type. Plants were grown at 23  °  C under continuous light. We 
used  rot4-1D  ( Narita et al. 2004 ),  puchi-1  ( Hirota et al. 2007 ) and 
  pLOB:GUS   (  Shuai et al. 2002  ). A single line of   p35S:ROT4-GFP , 
previously reported by   Narita et al. (2004)  , was used in this 
study and represented as   p35S:ROT4-GFP1  . To conﬁ   rm the 
results of this study, novel transgenic lines of   p35S:ROT4-GFP  
were generated and represented as   p35S:ROT4-GFP2  . The inter-
vening sequence between the GFP tag and ROT4 was different 
between the two; both versions of transgenic lines were used 
for the biochemical analysis.     
  Vector construction and transformation 
  For constitutive overexpression of truncated versions of 
ROT4, polymerase chain reaction (PCR) was used to amplify 
the coding regions of ROT4 from Arabidopsis genomic DNA 
using the following primers: 
  Full length-Fw, 5  ′ -CACCATGGCACCGGAGGAGAATGGC-3 ′ ; 
dN1-Fw, 5  ′ -CACCATGCCGGAGGAGAATGGCACGTGT-3 ′ ; 
dN2-Fw, 5  ′ -CACCATGAATGGCACGTGTGAGCCGTGC-3 ′ ; 
dN3-Fw, 5  ′ -CACCATGGAGCCGTGCAAGACTTTTGGG-3 ′ ; 
dN4-Fw, 5  ′ -CACCATGAAGACTTTTGGGCAAAAGTGC-3 ′ ; 
dN5-Fw, 5  ′ -CACCATGGGGCAAAAGTGCAGCCATGTC-3 ′ ; 
dN6-Fw, 5 ′ -CACCCAAAAGTGCAGCCATGTCGTG-3 ′ ; dN7-Fw, 
5  ′ -CACCCATGTCGTGAAGAAACAAAGAG-3 ′  ; dN8-Fw, 5  ′ -CA
CCAAACAAAGAGCCAAGTTTTAC-3  ′  ; dN9-Fw, 5  ′ -CACCGCC
AAGTTTTACATTCTTCG-3  ′  ; dN10-Fw, 5  ′ -CACCATGACTTTT
GGGCAAAAGTGCAG-3  ′  ; dN11-Fw, 5  ′ -CACCATGTTTGGGC
AAAAGTGCAGCCA-3  ′  ; full length-Rv, 5  ′ -TCAAGAGTCTTTG
CGGTCGTG-3  ′  ; dC2-Rv for the ﬁ  rst-round experiment, 5  ′ -TC
ACTGGTCGTGCCAGCAAACTAAC-3  ′  ; dC2-Rv for the second-
round experiment, 5  ′ -TTACTGGTCGTGCCAGCAAACTA-3 ′ ; 
dC3-Rv, 5  ′ ’-TCACCAGCAAACTAACATGGCGATAC-3 ′ ;  dC4-Rv, 
5  ′ -TCATAACATGGCGATACAACGGC-3 ′  ; dC5-Rv, 5  ′ -TTAGTC
GTGCCAGCAAACTAACA-3  ′  ; dC6-Rv, 5  ′ -TTAGTGCCAGCAA
ACTAACATGG-3  ′ . 
 The PCR products were ﬁ  rst cloned into the pENTR D-TOPO 
vector (Invitrogen, Carlsbad, CA, USA), then introduced down-
stream of the 35S promoter in a destination vector (pH35G). 
For construction of   p35S : GFP-ROT4 ,   ROT4   and   GFP  , cDNA was 
ampliﬁ  ed by PCR using the following primer pairs: GTCGACA
TGGCACCGGAGGAGAATGG and GGGCCCTCAAGAGTC
TTTGCGGTCGT, and GTCGACATGGTGAGCAAGGGCGAG 
and CTCGAGGCCTCCACCGCCTCCCTTGTACAGCTCGTCC
ATGC. After subcloning   ROT4  , cDNA was excised by   Sal I  and 
  Apa I and  GFP  cDNA was excised by  Sal I and  Xho I. These cDNAs 
were mixed and ligated and then re-digested by   Apa I,   Sal I  and 
  Xho  I. The resultant chimeric cDNA was inserted into the   Apa I 
and   Xho  I sites of pHG, which is promoter-less but a terminator 
containing gateway-compatible binary vector (Horiguchi et al., 
unpublished). Then   35S   promoter was ampliﬁ  ed by a primer 
pair, AAAAAGCAGGCTTGCATGCCCATCGATGCATC and 
AGAAAGCTGGGTGATCGATCCTCTAGAGTCCC, and sub-
cloned into pDONR201 (Invitrogen) introduced upstream of 
  GFP-ROT4   in a destination vector (pHGGFPROT4). For chime-
ric expression of   GFP-ROT4 ,   GFP-ROT4 ORF   was ampliﬁ   ed 
from pHGGFPROT4 using the following primers: 5  ′ -GAACG
CTCGAGATGGTGAGCAAGGGCGAGGA-3  ′   (forward) and 
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(reverse). The PCR product was cut by  Xho I and  Sal I and cloned 
into Lox-GUS-Lox (pGEM LGL;   Ichihashi et al. submitted  ) 
by replacing the   GUS   gene by   GFP::ROT4  . The vector was cut 
by   Xba  I and   Sal  I and ligated with pH35G vector cut by   Xba I 
and   Xho I. 
  Binary vectors were transformed into agrobacterium 
(  Rhizobium radiobacter  ) C58 C1Rif  r   and in turn used to 
transform Arabidopsis by the ﬂ  oral dip method (  Clough and 
Bent 1998  ). Wild-type plants were used as hosts in most 
experiments, but   pHS:Cre222.2   and   pHS:Cre222.3   (provided 
by Dr. Taku Takahashi, Okayama University) were used for the 
chimeric expression of GFP-ROT4.     
 Protein  immunoblotting 
  For biochemical analysis of ROT4 in Arabidopsis, total soluble 
protein was extracted from the aerial part of plants 12 days 
after imbibition (DAI). The protein samples were subjected to 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) in a 14  %   (w/v) polyacrylamide gel. Immuno-
blotting was performed by the standard method using horse-
radish peroxidase-coupled secondary antibody and ECL-plus 
(Amersham Biosciences, Uppsala, Sweden).     
 Leaf  anatomy 
  Leaves were ﬁ  xed in a solution containing formalin, acetic acid, 
and alcohol (FAA) and then cleared in hydrated chloride, as previ-
ously described (  Tsuge et al. 1996  ). The leaves were inspected 
under a microscope (Leitz DMRXE; Leica Microsystems, Wetzlar, 
Germany) equipped with a cooled charged-coupled device (CCD) 
camera (DFC300FX; Leica Microsystems).    
 Stem  anatomy 
  For Technovit sectioning, plant samples were ﬁ  rst peeled off 
manually for better inﬁ   ltration. They were then vacuum-
inﬁ  ltrated for 30  min in FAA, dehydrated through a graded 
ethanol series, and embedded in Technovit 7100 (Heraeus 
Kulzer, Wehrheim, Germany). Sections 7–8  mm thick were 
prepared with Microm HM 360 (GMI, Ramsey, MN, USA), 
stained by toluidine blue and observed under a stereomicro-
scope or a microscope equipped with a CCD camera.     
  Intracellular localization of ROT4 
  For observation of the intracellular localization of ROT4, GFP 
ﬂ  uorescence from plants 6 DAI excited by an Ar    +   laser at 488 nm 
was imaged on a ﬂ  uorescence microscope (BX51; Olympus, 
Tokyo, Japan) equipped with a confocal scanner unit (CSU10; 
Yokogawa Electric, Tokyo, Japan) and a cooled CCD camera 
(ORCA-AG; Hamamatsu Photonics, Shizuoka, Japan). Images 
were processed with IPLab software (BD Biosciences, Franklin 
Lakes, NJ, USA).     
  Estimation of the cell proliferation zone in leaf 
  To visualize G2/M cells in leaf primordia, the transgenic line 
  pCYCB1;1:CYCB1;1-GUS   (  Donnelly et al. 1999  ) was introgressed 
into   rot4-1D   and used for further analysis. GUS staining was 
detected as previously described (  Donnelly et al. 1999  ). 
Numerical analysis was performed as previously described 
( Kazama  et  al.  2010 ).   
 Statistical  analysis 
 For cluster analysis, we performed both hierarchical and model-
based analysis using R software (  R Foundation for Statistical 
Computing, 2009  ). In hierarchical clustering, we tried several 
different methods for calculation. Of those, single-linkage 
clustering did not work well in clustering obtained data into 
two groups, while other methods (complete linkage clustering, 
average linkage clustering, centroid linkage clustering, median 
linkage clustering, Ward's criterion and McQuitty's criterion) 
gave similar results. Moreover, a model-based clustering method 
called expectation maximization clustering gave similar results 
to the hierarchical clustering, thus we adopted the results 
obtained from expectation maximization clustering.     
  Induction of a chimera 
  pHS:Cre;Lox-GFP-ROT4   at the T  2   generation (homozygous for 
the   pHS:Cre   transgene, and homozygous or heterozygous for 
  Lox-GFP-ROT4  ) was used as the starting plant material. Sixteen 
hours after imbibition, the seeds were sown on Murashige 
and Skoog media and kept at 4  °  C in the dark for 72 h. After 6 h 
acclimation at room temperature, a heat shock was given by 
keeping the plantlets at 37  °  C for 1.5  h. After the heat shock, 
plates were incubated in the growth chamber. After 10 days of 
growth on Murashige and Skoog plates, plants exhibiting 
ﬂ  uorescence due to GFP-ROT4 in sectors were grown on rock 
wool for 4–5 days. The leaves were then observed under 
a stereomicroscope equipped with a CCD camera.       
 Supplementary  data 
    Supplementary data   are available at PCP online.     
 Funding 
  This work was supported by the Japan Society for the 
Promotion of Science [Grants-in-Aid for Creative Scientiﬁ   c 
Research to H.T. (18GS0313), Scientiﬁ  c Research A to H.T. and 
G.H. (17207005), research fellowship to M.I. (21-6773)]; the 
Ministry of Education, Science, Sports and Culture of Japan 
[Scientiﬁ  c Research on Priority Areas to H.T. (19060002)]; and 
the Toray Science Foundation (H.T.).         
 Acknowledgments 
  We thank Dr. T. Takahashi (Okayama University) for the 
  pHS:Cre222.2   and   pHS:Cre222.3   transgenic lines; Dr. P. Springer 
(University of California, Riverside) for the   pLOB:GUS   seeds; 
Dr. M. Tasaka (Nara Institute of Science and Technology) for the 
  puchi-1   seeds; Dr. S. Yano (National Institute for Basic Biology) 
for statistical analyses; and Dr. K. Ebine (University of Tokyo) for 
68
M. Ikeuchi et al.
Plant Cell Physiol. 52(1): 59–69 (2011)  doi:10.1093/pcp/pcq138  © The Author 2010.technical support of confocal laser scanning microscopy (CLSM) 
observation and Western blotting.     
 References 
     Akiyama  ,    Y.  ,      Onizuka  ,    K.  ,      Noguchi  ,    T.    and      Ando  ,    M.      (  1998  )    Parallel 
protein information analysis (PAPIA) system running on a 64-node 
PC  cluster  .    Genome Inform. Ser. Workshop Genome Inform.      9   :  
  131  –  140  .   
     Anastasiou  ,    E.    and      Lenhard  ,    M.      (  2007  )    Growing  up  to  one's  standard  . 
  Curr. Opin. Plant Biol.      10  :    63  –  69  .   
     Carland  ,    F.    and      Nelson  ,    T.      (  2009  )    CVP2-  and  CVL1-mediated 
phosphoinositide signaling as a regulator of the ARF GAP SFC/
VAN3 in establishment of foliar vein patterns    .     Plant J.      59  :    895  –  907  .   
     Clough  ,    S.J.    and      Bent  ,    A.F.      (  1998  )    Floral  dip:  a  simpliﬁ   ed  method  for 
  Agrobacterium  -mediated transformation of   Arabidopsis thaliana   .  
  Plant J.      16  :    735  –  743  .   
     Combier  ,    J.-P.  ,      Küster  ,    H.  ,      Journet  ,    E.-P.  ,      Hohnjec  ,    N.  ,      Gamas  ,    P.    and 
    Niebel  ,    A.      (  2008  )    Evidence  for  the  involvement  in  nodulation  of  the 
two small putative regulatory peptide-encoding genes   MtRALFL1  
and   MtDVL1   .     Mol. Plant-Microbe Interact.      21  :    1118  –  1127  .   
     Donnelly  ,   P.M.  ,     Bonetta  ,   D.  ,     Tsukaya  ,   H.  ,     Dengler  ,   R.E.   and     Dengler  ,   N.G.     
(    1999    )     Cell cycling and cell enlargement in developing leaves of 
  Arabidopsis   .     Dev. Biol.      215  :    407  –  419  .   
     Ferjani  ,    A.  ,      Horiguchi  ,    G.  ,      Yano  ,    S.    and      Tsukaya  ,    H.      (  2007  )    Analysis  of 
leaf development in   fugu   mutants of   Arabidopsis   reveals  three 
compensation modes that modulate cell expansion in determinate 
organs  .    Plant Physiol.      144  :    988  –  999  .   
     Floyd  ,   S.   and     Bowman  ,   J.     (  2007  )   The ancestral developmental tool kit of 
land  plants  .    Int. J. Plant Sci.      168  :    1  –  35  .   
     Fujikura  ,    U.  ,      Horiguchi  ,    G.  ,      Ponce  ,    M.R.  ,      Micol  ,    J.L.    and      Tsukaya  ,    H.     
(    2009    )     Coordination of cell proliferation and cell expansion 
mediated by ribosome-related processes in the leaves of  Arabidopsis 
thaliana   .     Plant J.      59  :    499  –  508  .   
     Hirota  ,    A.  ,      Kato  ,    T.  ,      Fukaki  ,    H.  ,      Aida  ,    M.    and      Tasaka  ,    M.      (  2007  ) 
    The auxin-regulated AP2/EREBP gene   PUCHI   is required for 
morphogenesis in the early lateral root primordium of   Arabidopsis   .  
  Plant Cell      19  :    2156  –  2168  .   
     Horiguchi  ,    G.  ,      Fujikura  ,    U.  ,      Ferjani  ,    A.  ,      Ishikawa  ,    N.    and      Tsukaya  ,    H.     
(    2006    )     Large-scale histological analysis of leaf mutants using two 
simple leaf observation methods: identiﬁ  cation of novel genetic 
pathways governing the size and shape of leaves    .     Plant J.      4 8   :  
  638  –  644  .   
     Ichihashi  ,    Y.  ,      Horiguchi  ,    G.  ,      Gleissberg  ,    S.    and      Tsukaya  ,    H.      (  2010  )    The 
bHLH transcription factor   SPATULA   controls ﬁ   nal leaf size in 
  Arabidopsis thaliana   .     Plant Cell Physiol.      51  :    252  –  261  .   
     Ikezaki  ,   M.  ,     Kojima  ,   M.  ,     Sakakibara  ,   H.  ,     Kojima  ,   S.  ,     Ueno  ,   Y.  ,     Machida  ,   C.  , 
   et  al   .  (  2010  )    Genetic  networks  regulated  by   ASYMMETRIC LEAVES1  
(  AS1  ) and   AS2   in leaf development in   Arabidopsis thaliana :   KNOX  
genes control ﬁ  ve morphological events    .     Plant J.      61  :    70  –  82  .   
     Karim  ,    M.  ,      Hirota  ,    A.  ,      Kwiatkowska  ,    D.  ,      Tasaka  ,    M.    and      Aida  ,    M.      (  2009  ) 
    A role for   Arabidopsis PUCHI   in ﬂ  oral meristem identity and bract 
suppression  .    Plant Cell      21  :    1360  –  1372  .   
     Kazama  ,    T.  ,      Ichihashi  ,    Y.  ,      Murata  ,    S.    and      Tsukaya  ,    H.      (  2010  )    The 
mechanism of cell cycle arrest front progression explained by 
a   KLUH/CYP78A5  -dependent mobile growth factor in developing 
leaves of   Arabidopsis   .     Plant Cell Physiol.      51  :    1046  –  1054  .   
     Kim  ,    G.-T.  ,      Fujioka  ,    S.  ,      Kozuka  ,    T.  ,      Tax  ,    F.E.  ,      Takatsuto  ,    S.  ,      Yoshida  ,    S.  , 
   et  al   .  (  2005  )    CYP90C1  and  CYP90D1  are  involved  in  different  steps 
in the brassinosteroid biosynthesis pathway in  Arabidopsis thaliana   .  
  Plant J.      41  :    710  –  721  .   
     Kim  ,    G.T.  ,      Tsukaya  ,    H.    and      Uchimiya  ,    H.      (  1998  )    The   ROTUNDIFOLIA3  
gene of   Arabidopsis thaliana   encodes a new member of the 
cytochrome P-450 family that is required for the regulated polar 
elongation of leaf cells    .     Genes Dev.      12  :    2381  –  2391  .   
     Naramoto  ,    S.  ,      Sawa  ,    S.  ,      Koizumi  ,    K.  ,      Uemura  ,    T.  ,      Ueda  ,    T.  ,      Friml  ,    J.  ,     et  al   . 
(  2009  )    Phosphoinositide-dependent  regulation  of  VAN3  ARF-GAP 
localization and activity essential for vascular tissue continuity in 
plants  .    Development      136  :    1529  –  1538  .   
     Narita  ,   N.N.  ,     Moore  ,   S.  ,     Horiguchi  ,   G.  ,     Kubo  ,   M.  ,     Demura  ,   T.  ,     Fukuda  ,   H.  , 
   et al   . (  2004  )   Overexpression of a novel small peptide ROTUNDIFOLIA4 
decreases cell proliferation and alters leaf shape in   Arabidopsis 
thaliana   .     Plant J.      38  :    699  –  713  .   
     Nath  ,    U.  ,      Crawford  ,    B.C.W.  ,      Carpenter  ,    R.    and      Cohen      E.      (  2003  )    Genetic 
control of surface curvature    .     Science      299  :    1404  –  1407  .   
   R  Foundation  for  Statistical  Computing  .  (  2009  )    R:  a  language  and 
environment for statistical computing. Vienna, Austria: R Foundation 
for  Statistical  Computing    (   http://www.R-project.org/   ) .    
     Robles  ,    P.  ,      Fleury  ,    D.  ,      Candela  ,    H.  ,      Cnops  ,    G.  ,      Alonso-Peral  ,    M.M.  ,  
   Anami  ,    S.  ,     et  al   .  (  2010  )    The   RON1 / FRY1 / SAL1   gene is required for 
leaf morphogenesis and venation patterning in   Arabidopsis   .     Plant 
Physiol.      152  :    1357  –  1372  .   
     Serralbo  ,    O.  ,      Pérez-Pérez  ,    J.M.  ,      Heidstra  ,    R.    and      Scheres  ,    B.      (  2006  )  
  Non-cell-autonomous rescue of anaphase-promoting complex 
function revealed by mosaic analysis of   HOBBIT  , an   Arabidopsis  
CDC27  homolog  .    Proc. Natl. Acad. Sci. USA      103  :    13250  –  13255  .   
     Shuai  ,    B.  ,      Reynaga-Peña  ,    C.G.    and      Springer  ,    P.S.      (  2002  )    The   LATERAL 
ORGAN BOUNDARIES   gene deﬁ   nes a novel, plant-speciﬁ   c gene 
family  .    Plant Physiol.      129  :    747  –  761  .   
     Stenvik  ,    G.-E.  ,      Butenko  ,    M.A.  ,      Urbanowicz  ,    B.R.  ,      Rose  ,    J.K.C.    and  
   Aalen  ,    R.B.      (  2006  )    Overexpression  of   INFLORESCENCE DEFICIENT IN 
ABSCISSION   activates cell separation in vestigial abscission zones in 
  Arabidopsis   .     Plant Cell      18  :    1467  –  1476  .   
     Tsuge  ,    T.  ,      Tsukaya  ,    H.    and      Uchimiya  ,    H.      (  1996  )    Two  independent  and 
polarized proesses of cell elongation regulate leaf blade expansion 
in   Arabidopsis thaliana   (L.)  Heynh  .    Development      122  :    1589  –  1600  .   
     Tsukaya  ,    H.      (  2005  )    Leaf  shape:  genetic  controls  and  environmental 
factors  .    Int. J. Dev. Biol.      49  :    547  –  555  .   
     Tsukaya  ,   H.     (  2006  )   Mechanism of leaf-shape determination  .   Annu. Rev. 
Plant Biol.      57  :    477  –  496  .   
     Tsukaya  ,    H.      (  2008  )    Controlling  size  in  multicellular  organs:  focus  on 
the  leaf  .    PLoS Biol.      6  :    e174  .   
     Verkest  ,   A.  ,     Manes  ,   C.-L.  ,     Vercruysse  ,   S.  ,     Manes  ,   S.  ,     Van Der Schueren  ,   E.  , 
    Beeckman  ,    T.  ,     et  al   .  (  2005  )    The  cyclin-dependent  kinase  inhibitor 
  KRP2   controls the onset of the endoreduplication cycle during 
  Arabidopsis  leaf development through inhibition of mitotic CDKA;1 
kinase  complexes  .    Plant Cell      17  :    1723  –  1736  .   
     Wang  ,    H.  ,      Qi  ,    Q.  ,      Schorr  ,    P.  ,      Cutler  ,    A.J.  ,      Crosby  ,    W.L.    and      Fowke  ,    L.C.     
(    1998    )     ICK1, a cyclin-dependent protein kinase inhibitor from 
  Arabidopsis thaliana   interacts with both Cdc2a and CycD3, and 
its expression is induced by abscisic acid    .     Plant J.      15  :    501  –  510  .   
     Wen  ,    J.  ,      Lease  ,    K.A.    and      Walker  ,    J.C.      (  2004  )    DVL,  a  novel  class  of 
small polypeptides: overexpression alters   Arabidopsis   development  . 
  Plant J.      37  :    668  –  677  .   
     Wen  ,    J.    and      Walker  ,    J.C.      (  2006  )    DVL  peptides  are  involved  in  plant 
development  .  In     Handbook of Biologically Active Peptides    . Edited 
by      Kastin  ,    A.      pp.    17  –  22  .    Elsevier  ,    San  Diego,  CA  .   
     White  ,    D.W.R.      (  2006  )     PEAPOD   regulates lamina size and curvature in 
  Arabidiopsis   .     Proc. Natl. Acad. Sci. USA      103  :    13238  –  13243  .     
69
ROT4 regulates cell proliferation along body axis
Plant Cell Physiol. 52(1): 59–69 (2011)  doi:10.1093/pcp/pcq138  © The Author 2010.